Introduction {#S5}
============

Sixty-eight percent of Americans are now overweight or obese^[@R1]^. Despite efforts by academia, industry and government, the incidence of obesity continues to rise unabated. In 2008 the costs estimated to be related to obesity neared 148 billion^[@R2]^. One important component of tackling this recalcitrant problem is identifying factors that promote overeating. Stress influences eating behavior^[@R3]^ and this effect is associated with weight gain^[@R4]^. In the current study we tested whether an acute stressor could potentiate brain response to a palatable and energy dense food in overweight women.

Prior work clearly demonstrates that acute stress can increase food intake, particularly of high-fat and high-sugar foods^[@R3],[@R5]^. In humans, acute and chronic stress has been associated with weight gain^[@R6],[@R7]^, total feeding, sweet food consumption^[@R8],[@R9]^, and a high-fat diet^[@R10]^. However, eating in response to stress varies according to the type of stressor and the behavioral and physiological characteristics of the individual^[@R11]^. Those most at risk for stress-induced overeating and weight gain include females and overweight individuals^[@R12]^; in particular, high BMI individuals show a stronger association between chronic stress and weight gain than low BMI individuals who experience similar degrees of stress^[@R6]^. This suggests that overweight individuals may be particularly vulnerable to the influence of stress on increased food intake. Consistent with this possibility, stress-related eating (defined as trying to make oneself feel better by eating or drinking in a stressful situation) is significantly associated with obesity in women^[@R13]^.

The neurobiological underpinnings of the influence of stress on eating are currently not well understood. However, the neural correlates of food reward have been described in humans^[@R14]--[@R18]^, and there is evidence that some of these areas are associated with future weight gain^[@R19]--[@R22]^. Of potential interest is the amygdala, since it plays a key role in non-homeostatic feeding and is influenced by measures of acute and chronic stress. More specifically, stress affects amygdala neuronal firing rate^[@R23]^, can elicit changes in synaptic structure within the amygdala^[@R24]^ and leads to lasting increases in the firing rate of amygdala neurons^[@R25]^. Such effects come about even after a single exposure to a stressor, and can last long after that stressor is experienced^[@R24]^. In humans, the amygdala responds to stressful movie clips^[@R26]^, as well as the act and anticipation of stressful public speaking^[@R27],[@R28]^. Amygdala activity is also related to individual differences in stress responses; increased amygdala activity to a stressor positively correlates with increased stress-evoked blood pressure response^[@R29]^, while decreased amygdala response to stress correlates with lower cortisol and lower subjective stress responses^[@R30]^.

Animal work has also highlighted a role for the amygdala in eating in the absence of hunger^[@R31]^, which is a hallmark of stress-induced eating^[@R8]^. In 1983 Weingarten showed that cues that had predicted the delivery of food during hunger could later elicit feeding in sated rats^[@R32]^. This demonstrated that learned environmental cues could stimulate feeding in the absence of hunger. Subsequent studies have shown that this "cue-potentiated feeding" is blocked by lesions to the basolateral nucleus of the rodent amygdala^[@R31]^. This indicates that the amygdala is critical for orchestrating the process by which food cues acquire the ability to over-ride homeostatic mechanisms to promote intake. Although less is understood about the role of the human amygdala in feeding, functional neuroimaging studies have demonstrated that the amygdala of lean healthy individuals responds to food cues^[@R14],[@R16]--[@R18],[@R33],[@R34]^, is sensitive to the devaluation of food cues by satiation^[@R16],[@R33],[@R35],[@R36]^, and to the "revaluation" of food cues by the infusion of ghrelin in sated individuals^[@R37]^. Amygdala response is also heightened to food pictures in high vs. low BMI subjects^[@R38]^. Moreover, amygdala response to consumption of a milkshake in subjects who are neither hungry nor full^[@R22]^ - but not in fasted subjects^[@R21]^ -predicts future weight gain, thus linking response in the amygdala to eating in the absence of hunger in humans.

Since stress influences amygdala functioning, and since the amygdala is implicated in overeating, we reasoned that stress might promote overeating by impacting amygdala responses to food. We were also interested in the influence of stress on response in the midbrain and medial orbitofrontal cortex. These regions have been implicated in food reward^[@R39]^ and their response to milkshake predicts milkshake intake following scanning^[@R40]^. We therefore reasoned that acute stress may also influence intake by affecting response in these regions. To test these hypotheses we used fMRI to measure brain response during the consumption of a high fat and sweet palatable milkshake while overweight women imagined personalized neutral-relaxing and stressful scenarios via an autobiographical script-driven guided imagery method^[@R41]^. This method has been shown to reliably induce stress^[@R41],[@R42]^ and amygdala activation^[@R43]^. On a separate day we also measured morning basal cortisol levels as an objective physiological measure of allostatic load^[@R44]^. Morning cortisol levels show good intra-individual stability across time^[@R45]^ and serve as a useful biological correlate of chronic stress^[@R46]^. We predicted that response to milkshake in the amygdala, medial OFC and midbrain would be greater during the stress vs. the neutral-relaxing condition, and that these responses would correlate with cortisol levels. We also reasoned that the influence of acute stress may be greater in those with evidence of chronic stress and those with higher BMI's.

Materials and Methods {#S6}
=====================

Subjects {#S7}
--------

Sixteen women between the age of 18 and 45, with a BMI greater than 25, were recruited and provided informed consent to participate in this research approved by the Yale University Human Investigation Committee. Exclusion factors included any non-removable metal on the body, currently or recently taking major medications such as antidepressants, claustrophobia, food allergies, diabetes, any history of psychiatric disorder or drug abuse and current active medical illness. Subjects completed an interview in which they were questioned about recent stressful life events and an fMRI training session (see below). Subjects who were unable to recall stressful life events or reported being uncomfortable with the scanning environment were excluded (n = 2). Subjects (n=2) who expressed significant discomfort with needles were excluded from the baseline cortisol measurement. The main fMRI analyses are therefore based upon the data from fourteen subjects (all women, 11 right handed, age 26.9 ± 7.1, BMI 29.8 ± 5.3), while the baseline cortisol measurements (mean: 29.7 ug/dl ± 13.36) are based upon data from twelve subjects (all women, 9 right handed, age 27.8 ± 7.7, BMI 28.3 ± 2.6).

Stimuli {#S8}
-------

Stimuli were a chocolate milkshake drink and a tasteless rinse solution, delivered via gustometer to a gustatory manifold that rested just above the subject's tongue. This procedure has been used in previous studies^[@R15]^ and is described in detail in SI. During each real and mock run subjects received the milkshake solution as a 1-cc bolus over 3 sec, followed by a 1-cc bolus rinse of tasteless solution (also delivered over 3 sec). Baseline events consisted of a 1-cc bolus of tasteless solution, not followed by a rinse.

Sessions {#S9}
--------

All subjects participated in three separate sessions prior to the fMRI scan: In session one, they received initial training in which they were exposed to scanning conditions and procedures in a mock scanner and also completed an imagery script development procedure, wherein they were interviewed in detail about 3 stressful and 3 neutral-relaxing situations in their life, based on techniques previously validated^[@R77],[@R78]^. The information from these interviews was used to develop 6 personalized stories that were used to induce a stress or neutral-relaxing condition during the scanning session. Session two was a baseline cortisol measurement session, and in session three, subjects were trained in the mental imagery and relaxation techniques for use during the fMRI scan. See SI for detailed descriptions of each session.

fMRI scanning session {#S10}
---------------------

The final session consisted of the fMRI scan. Subjects were instructed to refrain from eating or drinking for an hour before the scan, and told that they should arrive for scanning neither hungry nor full. Prior to scanning, subjects rated their hunger and fullness on visual analog scales (VAS) titled "How hungry (full) are you right now?" and rated sips of the milkshake and tasteless solutions for pleasantness, familiarity, and wanting. These ratings were repeated after the completion of the scan.

We used a 3T Trio scanner by Siemens to collect functional and anatomical images. Echoplanar imaging was used to measure the BOLD signal as an indication of brain activation. During each of 6 4-min, 44-sec BOLD runs, subjects listened to a recording of one of their personalized imagery induction scripts, so that the entire run was either under the stress condition (S) or under the neutral-relaxing condition (N). During each imagery run, subjects also received several 1-mL deliveries of either milkshake (ms) or tasteless solution (tls) ([Fig 1](#F1){ref-type="fig"}). This resulted in 4 different events of interest: milkshake under stress (msS), tasteless under stress (tlsS), milkshake under neutral-relaxing (msN), and tasteless under neutral-relaxing (tlsN). Prior to and immediately after each run, subjects verbally rated their anxiety levels on a 10-point Likert scale. For details of fMRI image acquisition, see SI.

Data analysis {#S11}
-------------

The neuroimaging data were pre and post-processed using SPM5 (Welcome Department of Cognitive Neurology, London, UK) using standard procedures^[@R79]--[@R81]^, including time acquisition correction, realignment, normalization (resulting in a voxel size of 4 × 4 × 4 mm for functional images and 1 × 1 × 1 mm for structural images), and smoothing with a 6 mm kernel, see SI. Analyses were based on random effects models in order to account for inter-subject variability^[@R82]^. Parameter estimate images from each stimulus in each condition were entered into second-level analyses using 1-sample t-tests, to test for significant differences in response^[@R83]^. Note that effects refer to the Statistical Parametric Maps (SPM's) of each stimulus (milkshake or tasteless) in each condition (stress or neutral-relaxing). Unpredicted peaks were considered significant at p\<0.05, FDR-corrected across the entire brain at the voxel level. For predicted peaks, we used a region-of-interest (ROI) approach, in which we used WFU pickatlas^[@R84]^ to create masks of predicted ROI's, see SI. Peaks within these masks were considered significant at p\<.05, FDR-corrected across the ROI. BMI and basal cortisol levels were entered into models as regressors to evaluate the influence of these factors on events and contrasts of interest. To ensure that our results were not skewed by the inclusion of one subject with BMI \>45, we additionally ran all analyses excluding that subject and found that all results remained significant. Data presented here represent the full group of subjects.

Results {#S12}
=======

 {#S13}

### Group Demographics & Questionnaires {#S14}

All subjects were overweight or obese at the time of scanning (BMI 25.8 to 46.2) ([Table S1](#SD1){ref-type="supplementary-material"}). Dutch Eating Behavior Questionnaire (DEBQ) scores and Three Factor Eating Questionnaire (TFEQ) scores are reported in [Table S1](#SD1){ref-type="supplementary-material"}.

### Ratings {#S15}

As intended, subjective ratings indicated that participants were neither hungry nor full at the time of scanning ([Table S1](#SD1){ref-type="supplementary-material"}). The tasteless solution was rated as neutral and the milkshakes as pleasant and wanted ([Table S1](#SD1){ref-type="supplementary-material"}). Paired-samples t-tests indicated that the milkshakes were rated as significantly more pleasant; t(22)=6.68, (p=0.000) and more wanted; t(21)=2.71, (p=0.003) than the tasteless solution. Analysis of anxiety ratings revealed increased anxiety after vs. before stress-condition scans but not after neutral-condition scans, and greater post-scan anxiety scores after stressful vs. neutral scans (see SI).

Neuroimaging {#S16}
------------

### Main effect of stimulus {#S17}

To isolate areas responding to milkshake vs. tasteless irrespective of condition, we contrasted (milkshake under stress (msS) + milkshake under neutral-relaxing (msN)) − (tasteless under stress (tlsS) + tasteless under neutral-relaxing (tlsN)). Consistent with our previous research^[@R14],[@R15]^, large significant clusters of activation were observed bilaterally that spanned the somatomotor mouth area (SMMA) (64, −8, 36, z=5.56, p\<0.001; −60, −16, 32, z=4.87, p\<0.001), insula (40, −8, 12, z=3.98, p=0.001; −44, −12, 12, z=4.06, p=0.001), ventral striatum/dorsal amygdala (−28, −8, 4, z=4.18, p=0.001; 32, −20, −4, z=3.91, p=0.002), and thalamus (8, −20, 12, z=3.09, p=0.011; −12, −24, 0, z=2.93, p=0.016) ([Fig. 2](#F2){ref-type="fig"}; all fMRI results included in Table 2). These and all following p-values are False-Discovery Rate (fdr)-corrected either across the whole brain (unpredicted peaks) or a region of interest (predicted peaks; see methods for details). No areas responded preferentially to tasteless vs. milkshake irrespective of condition.

### Condition-specific effects of stimulus {#S18}

Significant responses in the left amygdala to milkshake-tasteless were observed in both the neutral-relaxing and stress conditions; (msN-tlsN): −28, −4, −12, z=3.89, p=0.003; (msS-tlsS): −24, 0, −16, z=3.22, p=0.014. In contrast, response in the right amygdala to milkshake-tasteless was only observed during stress imagery (msS-tlsS); 24, −8, −12, z=2.90, p=0.014 ([Fig. 3](#F3){ref-type="fig"}).

### Main effect of condition {#S19}

The combined response to milkshake + tasteless did not significantly differ as a function of stress vs. neutral-relaxing imagery conditions.

### Stimulus by Condition Interaction {#S20}

To investigate interactions between stimulus and condition, we used the contrast of (msS-tlsS) -- (msN-tlsN) and its inverse, (msN-tlsN) -- (msS-tlsS). We found a trend for the predicted effect in the amygdala with greater response to milkshake vs. tasteless in stress vs. neutral-relaxing condition (8, −8, 16, z=2.75, p=.051).

### Regression with basal cortisol {#S21}

To test whether brain responses were associated with chronic stress we regressed basal morning cortisol levels against whole brain response. We identified a significant and selective positive association between basal cortisol measurements and right amygdala response to milkshake vs. tasteless under the stress condition (msS-tlsS; 20, −4, −20, z=2.90, p=0.044; [Fig. 4a](#F4){ref-type="fig"}). No other regions displayed this relationship. We also found no significant relationships between basal cortisol level and response to milkshake - tasteless under the neutral-relaxing condition (msN-tlsN). Post-hoc tests showed the strength of this correlation in the peak amygdala voxel to be r^2^ = 0.62 during the stress condition and r^2^ = 0.12 during the neutral-relaxing condition. Cortisol was not correlated with BMI (r^2^=0.041, p=0.53).

### Regression with BMI {#S22}

To determine if BMI influenced the effect of stress on brain response to milkshake, we introduced BMI as a covariate in the contrast of milkshake vs. tasteless under stress vs. neutral-relaxing ((msS-tlsS)-(msN-tlsN). Within our midbrain and OFC areas of interest, we found a small but significant positive correlation in the right medial orbitofrontal cortex (20, 40, −16; z=3.19; p=.043; [Fig. 4b](#F4){ref-type="fig"}). This correlation remained significant when this analysis was run excluding the highest BMI subject.

Discussion {#S23}
==========

In the current work we set out to determine whether overweight women who are at risk for stress-induced weight gain^[@R6]^ show an increased response to milkshake consumption in the amygdala, a region known to be associated with hyperphagia^[@R47]^, nonhomeostatic eating^[@R48]^, increased response to palatable foods as a function of BMI^[@R38],[@R49]^, and future weight gain^[@R22]^; as well as the OFC and midbrain because response to milkshake in these regions predicts subsequent milkshake intake^[@R40]^. We also tested whether such responses would be influenced by BMI or morning cortisol levels as a marker of chronic stress^[@R45],[@R46],[@R50]^. We found that compared to consuming a neutral tasteless solution, consuming a pleasant milkshake results in unilateral left amygdala activation during the neutral-relaxing condition and bilateral amygdala activation during the stress condition. This stress-evoked response to milkshake in the right amygdala correlated positively with basal cortisol levels. In contrast, no correlations were observed between brain response to milkshake and cortisol levels during the neutral-relaxing condition. Taken together, these findings suggest that overweight women with high chronic stress, as measured by cortisol levels, are more vulnerable to the acute effects of stress on amygdala response to milkshake. We also observed a positive correlation between BMI and the influence of the acute stressor on orbitofrontal response to milkshake. This is in keeping with the proposal that overweight individuals are vulnerable to stress-induced increases in food intake and with the possibility that the mechanism by which this occurs involves the OFC.

Brain response during the consumption of palatable food {#S24}
-------------------------------------------------------

Consistent with prior work^[@R14],[@R15],[@R22],[@R51]^, we found activity in the somatomotor mouth area, insula, ventral striatum, thalamus, and amygdala, in response to the consumption of milkshake compared to the consumption of the control solution. Except for the response in the right amygdala, these responses occurred irrespective of acute stress or neutral-relaxing condition and were unrelated to morning cortisol, suggesting that response to palatable food in these regions is not influenced by acute or chronic stress. In keeping with the fact that our subjects were all overweight, many of these regions have been shown to respond differentially as a function of adiposity or risk for weight gain^[@R38],[@R49],[@R52]--[@R55]^. Thus, the neural responses we observed to milkshake are consistent with prior reports of brain response to palatable food in overweight individuals.

Response to milkshake in the right amygdala is associated with stress {#S25}
---------------------------------------------------------------------

Since the amygdala has been independently implicated in stress^[@R24],[@R29]^ and in nonhomeostatic feeding^[@R48]^, we reasoned that acute stress may influence food intake in overweight women by influencing amygdala response to food. Of particular relevance to the current investigation is the fact that a prior study showed that amygdala response to milkshake consumption correlates positively with future weight gain^[@R22]^ in participants who were neither hungry nor full, but not in subjects who had fasted and were hungry^[@R21]^. This suggests that the amygdala plays a role in promoting eating in the absence of hunger, which is consistent with animal work^[@R31],[@R48]^. If so, then acute stress may influence eating by modulating amygdala response. The current findings provide some support for this possibility. We found a trend towards greater amygdala response to milkshake while subjects experienced acute stress. Further investigation indicated that variation in greater amygdala response during stress was influenced by morning cortisol levels. Thus, individuals with higher allostatic load as measured by morning cortisol levels, showed greater stress-induced right amygdala response to milkshake that was not seen in the neutral condition. These data suggest that acute stress may influence intake by modulating amygdala response specifically in individuals with higher chronic stress and allostatic load.

Morning basal cortisol levels have been shown to be related to chronic stress, including worries load and social stress^[@R45]^, prolonged job strain^[@R50]^, and subclinical depressive symptomatology^[@R56]^. Thus, morning basal cortisol levels provide a useful approximation of allostatic load, or the cumulative effect of the wear and tear of stress on the body and brain^[@R57]^. Furthermore, cortisol levels are also related to feeding in humans. High cortisol levels are related to increased high-fat food consumption^[@R44],[@R57]^, increased caloric intake and weight gain^[@R58]^, and higher BMI's^[@R59]^. Higher basal cortisol and enhanced cortisol responses to stress have been related to obesity^[@R60]^ and disordered eating^[@R61]--[@R63]^. It is also likely that chronic life stressors may contribute more to future weight gain than acute stressors, and this chronic stress effect may be most pronounced in individuals with high cortisol reactivity ^[@R4],[@R64]^. In the current sample, subjects had a range of basal morning cortisol levels ranging from low to high levels suggesting variation in chronic stress levels in these otherwise healthy individuals. Consistent with the previous work that chronic stress may contribute to stress-related food intake and also influence brain response to food, we show that the impact of acute stress on right amygdala response to food is greater with increasing levels of morning cortisol.

Interestingly, the effect of stress on brain response to milkshake and its relationship with cortisol were present only in the right amygdala. Although reports are mixed and indefinite on whether amygdala response to negative affect is lateralized^[@R65]^, it has been suggested that stress and negative affect primarily affect the right amygdala^[@R66]^. Animal studies suggest that the right amygdala is involved in the memory of aversive experiences^[@R67]^, and that stimulating the right amygdala has anxiogenic effects^[@R68]^. In humans, unconscious processing of negative affect takes place primarily in the right amygdala^[@R69]^ and depressive patients show increased right amygdala volume^[@R70]^. Without a right amygdala, startle response to aversive events decreases^[@R71]^, as does recognition of fear in facial expressions^[@R72]^. Finally, in a study using personalized imagery scripts, the right (but not left) amygdala is activated by stressful scripts recalling past traumatic events^[@R73]^. Here, we show that stress exacerbates the right, but not left, amygdala response to a food, in keeping with the idea of right amygdala specialization for response to stress.

Also consistent with the hypothesis that acute stress may influence brain response to promote eating in vulnerable individuals, we found a positive relationship between BMI and the influence of acute stress on OFC response to milkshake. Critically, this effect was observed in the exact region of OFC where response to milkshake predicts subsequent milkshake intake^[@R40]^. Unfortunately, we did not have the power in the current study to determine if there is an interaction between BMI and chronic stress exposure. However, given the current results this possibility seems like an important focus for future research. Finally, acute stress has also been shown to decrease amygdala response during a menu selection task^[@R74]^. More specifically, after an overnight fast, subjects completed either a solvable (rest condition) or unsolvable (stress condition) math test, followed by an fMRI scan during which they chose the foods they would eat immediately post-scan. In the stress compared to the rest condition, subjects showed decreased activity in the amygdala, as well as the putamen, OFC, cingulate cortex, and hippocampus. Whether chronic stress exposure influences this response is unknown. However, the finding suggests that the direction of the influence of acute stress on response in the amygdala may vary as function of task. It is also possible that internal state may influence the effect of stress on amygdala response to milkshake consumption. Bohon and colleagues used fMRI to measure whole brain response to the taste of milkshake, while manipulating mood with music exposure. In one condition, dirges were played at half time to produce a negative mood state and in the other condition, cheerier, upbeat music was played to produce a positive mood state. They found that activity in anterior cingulate cortex, pallidum, and thalamus were increased in response to milkshake under negative vs. positive mood^[@R75]^. They did not find differential amygdala response as a function of mood state. One important distinction between these studies and the current experiment is the internal state of the subjects. Whereas these studies scanned hungry, fasted subjects, our participants were scanned while neither hungry nor full. We chose to scan subjects in this state because we were interested in the influence of acute stress on eating in the absence of hunger. The amygdala is highly responsive to food stimuli when hungry^[@R33],[@R76]^. Therefore it is possible that ceiling effects, related to the influence of hunger on amygdala response may account for the failure of previous studies to observe differential effects in the amygdala dependent on mood or stress.

In summary, our results indicate that chronic stress and BMI are key individual difference factors that influence acute stress effects on brain response in the amygdala and OFC to palatable foods. The observed association between basal cortisol and acute stress in the amygdala suggests an important connection between physiologically measured allostatic load and the impact of stress on brain response to food. The positive association between BMI and the impact of stress in the OFC implicates overeating and/or adiposity in potentiating the effects of acute stress. It is important to note that the current findings are limited by small sample size. In future work with a larger sample size, it will be important to examine how these two vulnerabilities interact and possibly potentiate the influence of acute stress on brain response to palatable and energy dense foods.
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![Scanning paradigm\
Each subject underwent 6 4min, 44sec runs and 1 structural scan. For each run, they listened to the personalized stress (shown in dark grey) or neutral script (shown in light grey) of the situation being described and were asked to imagine the scenario "as if it were happening right now". While they imagined, they received 1-mL sips of chocolate milkshake (followed 3 to 10 seconds later by 1mL of tasteless rinse) and 1-mL sips of tasteless solution at random intervals of 3 to 10 seconds. Milkshake events of interest are shown as dark-edged boxes, tasteless events of interest are shown as thin-edged boxes. Rinses following milkshake events were not modeled as events of interest.](nihms357104f1){#F1}

![Main effect of milkshake\
An extensive feeding network including bilateral Rolandic operculum/somatomotor mouth area, insula, and striatum bilaterally responds to milkshake more than tasteless regardless of stress condition. T-map is thresholded at p\<0.005 and k\>3 voxels. For this and successive pictures, bar graphs show activity in peak voxel within circled brain region in response to each stimulus in percent signal change, averaged over subjects. Error bars represent 2 SEM. Activations are significant at p\<0.05 FDR-corrected across regions of interest. The bar graphs reflect percent signal change data fitted to the canonical HRF, extracted using the RFXplots toolbox. Not shown are significant activations in the thalamus.](nihms357104f2){#F2}

![Interaction between stress & milkshake\
Under stress, left and right amygdala are more active to milkshake vs. tasteless. Both activations are significant at p~FDR~=0.014 across the amygdala ROI. Under neutral, only left amygdala is more active to milkshake vs tasteless. Activation is significant at p~FDR~=0.003 across the amygdala ROI. No significant differences in activation were found in the right amygdala under neutral.](nihms357104f3){#F3}

![Relationship between brain response to milkshake vs. tasteless and other variables\
a. Basal cortisol measurements across subjects showed a relationship with brain response to milkshake vs. tasteless in the stress condition, but no relationship with response to the same contrast in the neutral-relaxing condition, in right amygdala (20, −4, −20). Post-hoc tests showed the strength of this correlation in the peak voxel to be r^2^ = 0.62 in stress and r^2^ = 0.12 in neutral-relaxing. Effect is significant at p=0.044 across the amygdala ROI.\
b. In the right OFC (20, 40, −16), brain response to milkshake vs. tasteless in the stress vs. the neutral-relaxing condition was correlated with BMI with a strength of r^2^ = .059. Effect is significant at p=.043 across the midbrain & OFC ROI.](nihms357104f4){#F4}

###### 

Effect of Milkshake-Tasteless, collapsed across groups

  Brain region                                                                             x     y     z     p~FDR~   z-value   t       k
  ---------------------------------------------------------------------------------------- ----- ----- ----- -------- --------- ------- -----
  R SMMA                                                                                   64    −8    36    0.000    5.66      11.77   202
  \*middorsal insula                                                                       40    −8    12    0.001    3.98      5.72    
  L SMMA                                                                                   −60   −16   32    0.000    4.87      8.52    341
  \*middorsal insula                                                                       −44   −12   12    0.001    4.06      5.95    
  \*amygdala/striatum                                                                      −28   −8    −4    0.001    4.18      6.26    
  R Striatum                                                                               32    −20   −4    0.002    3.91      5.56    25
  R Thalamus                                                                               8     −20   12    0.011    3.09      3.85    10
  L Thalamus                                                                               −12   −24   0     0.016    2.93      3.58    5
  **(msS-tlsS)**                                                                                                                        
  L Amygdala                                                                               −24   0     −16   0.014    3.22      4.09    13
  R Amygdala                                                                               24    −8    −12   0.014    2.90      3.52    3
  **(msN-tlsN)**                                                                                                                        
  L Amygdala                                                                               −28   −4    −12   0.003    3.89      5.51    12
  **Correlation between basal cortisol and activation to (msS-tlsS) but not (msN-tlsN)**                                                
  R Amygdala                                                                               20    −4    −20   0.044    2.90              4
  **Correlation between BMI and activation to (msS-tlsS)-(msN-tlsN)**                                                                   
  R OFC                                                                                    20    40    −16   .043     3.19      4.11    6
